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Conditional statistics for passive-scalar mixing in a confined rectangular
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Department of Mechanical Engineering, Iowa State University, Ames, Iowa 50011
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Department of Chemical and Biological Engineering, Iowa State University, Ames, Iowa 50011
Received 6 June 2006; accepted 15 January 2007; published online 4 May 2007
Experimental results for the conditional statistics, such as the velocity conditioned on a conserved
scalar and the scalar conditioned on velocity, in a confined liquid-phase rectangular jet are presented
and analyzed for a data set collected using simultaneous particle image velocimetry and planar
laser-induced fluorescence. The joint velocity-scalar probability density function PDF is not joint
Gaussian in this flow, as the PDF of the conserved scalar is accurately described by a beta-PDF. The
conditional mean velocity is found to agree with a linear model when the scalar is close to its local
mean value. A gradient PDF model is found to give poor predictions for the streamwise conditional
velocity. However, the improved gradient PDF model predicts both the streamwise and transverse
conditional velocities well. A linear model for the scalar fluctuation conditioned on velocity is also
tested against the experimental data, showing that this model only obtains good approximations
when the joint velocity-scalar PDF approaches a joint Gaussian at farther downstream locations in
this flow. © 2007 American Institute of Physics. DOI: 10.1063/1.2718580
I. INTRODUCTION
Scalar mixing in turbulent nonpremixed flows is one of
the most active areas of research in fluid mechanics, and is
encountered in many processes in industry and the environ-
ment. In recent years, the conditional moment closure
CMC introduced by Klimenko1 and Bilger2 has been a fun-
damental model for describing turbulent reactive flows. The
advantages of the CMC method are that the dependence on
Reynolds averages and fluctuations is strongly reduced and
the reaction can be more easily modeled than in the conven-
tional Reynolds averaged moment methods.3 However, the
CMC method brings up a number of additional unknown
terms such as the conditional mean velocity, the conditional
scalar dissipation, and the conditional scalar diffusion, and
these conditionally averaged terms have to be modeled.
There are a few models4–6 available to predict the con-
ditional scalar dissipation and the conditional scalar diffu-
sion, and a large body of experimental data7–10 exists for
these quantities as well. However, the conditional velocity
has received little attention. One popular model for the mean
velocity conditioned on the scalar in the CMC community
has been the linear model, written as3,11
U = U +
u
2
 −  , 1
where  is the conserved scalar,  is the sample space vari-
able for , U is the instantaneous velocity vector, u is the
fluctuating velocity, U is the unconditional mean velocity,
U = U = is the mean velocity conditioned on 
=, u are the scalar fluxes, 2 is the scalar variance,
and  is the mean conserved scalar. This model uses the
assumption that the joint probability density function PDF
between the velocity and the conserved scalar is Gaussian.11
Tavoularis and Corrsin12 confirmed this assumption in their
experimental investigation of homogeneous turbulent shear
flow with a uniform mean scalar gradient. However,
Sreenivasan and Antonia13 and Bilger et al.14 found that for
inhomogeneous turbulent flows the joint PDF between the
velocity and the conserved scalar is generally not Gaussian.
Li and Bilger11 compared their experimental data with the
conditional mean transverse velocity predicted by the linear
model, and found that the linear model produces large errors
when −  is large.
Another existing model for the velocity conditioned on
the scalar is the PDF gradient model proposed by Pope,15
written as
U = U −
DT
P
P
x
, 2
where DT is the turbulent diffusivity, x is the spatial coordi-
nate vector, and P is the PDF of the conserved scalar.
Mortensen3 claimed that this model is the only model con-
serving the unconditional reactive scalar when used in mo-
ment methods. Obviously, both the accuracy of the PDF of
the conserved scalar and the use of different presumed PDF
shapes significantly affect the results from the PDF gradient
model. Girimaji16 compared the beta-PDF with two-scalar
mixing data from DNS and concluded that the beta-PDF cap-
tures all of the important features of the transition PDFs.
Kim17 also found that the beta-PDF is more accurate than the
clipped Gaussian PDF for both homogeneous and inhomoge-
neous cases. Moreover, Eswaran and Pope18 summarized
their DNS results and claimed that the scalar PDF evolves
aAuthor to whom correspondence should be addressed. Electronic mail:
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toward the familiar bell-shaped curve, which is indeed
Gaussian.
From dimensional analysis of their experimental data, Li
and Bilger11 derived a model for the conditional mean trans-
verse velocity in a scalar mixing layer,
v = v =  + 
vrms

y − y , 3
where y is the location of interest, and y is the location
where the local mean mixture fraction is equal to .  is
defined as the distance from where the mean mixture fraction
is 0.1 to where it is 0.9.  was found to be a constant of 2.6
in Li and Bilger,11 and was the same across and along the
mixing layer. A smaller value =1.3 was chosen in de Bruyn
Kops and Mortensen,19 but they defined  as the length from
the center of the mixing layer to the point where the mean
mixture fraction is 0.92.
Although there is a large body of literature on turbulent
shear flows, conditional statistics of experimental data are
scarce, despite their necessity for understanding turbulent
flows and validating numerical models. In this paper, we
present the conditional statistics of the experimental data at
various locations in a liquid-phase turbulent confined rectan-
gular jet. The remainder of the paper is organized as follows.
Section II describes the experimental details and conditions.
In Sec. III, results of the conditional mean velocities and the
conditional mean scalar in the flow are discussed. Models for
the conditional velocity and the conditional scalar are also
tested against the experimental data. A summary of results
and conclusions is given in Sec. IV.
II. EXPERIMENTAL DETAILS AND CONDITIONS
The statistics for turbulent passive-scalar mixing are de-
rived from measurements in a confined rectangular jet. Since
the experimental rectangular jet apparatus used in the experi-
ments has been described in detail previously,20 only a de-
scription of the experimental methodology pertinent to the
present investigation is given here. As Fig. 1 shows, the
Plexiglas test section is 1 m in length and has a rectangular
cross section measuring 60 by 100 mm. The width of each of
the three inlet channels is 20 mm. The coordinate system
used in the present study is such that x is the streamwise
direction and y is the transverse direction. The origin is des-
ignated at the center point between the tips of the splitter
plates. For the present study, the volumetric flow rates of
each of the inlet channels were 1.0, 2.0, and 1.0 l / s, corre-
sponding to free stream velocities of 0.5, 1.0, and 0.5 m/s.
The Reynolds number based on the hydraulic diameter of the
test section and the bulk velocity was 50000 or 10000 based
on the velocity difference between streams and the jet exit
dimension. The fluorescent dye Rhodamine 6G was used as
a passive scalar. The Schmidt number of Rhodamine 6G in
water is 1250.21 In the center stream, the source concentra-
tion 0 of Rhodamine 6G was 45 g/ l, while the other two
streams were tap water.
A combined particle image velocimetry PIV and planar
laser-induced fluorescence PLIF system as shown in Fig. 2
was employed to simultaneously measure the instantaneous
velocity and concentration fields. Illumination was provided
by a double-pulsed Nd:YAG laser that emits two indepen-
dent 532 nm light pulses. A time delay between the two laser
pulses of 600 s was used for the PIV measurements. The
laser light sheet passes through the test section at the center-
line in the z direction with a thickness of about 0.5 mm. The
spatial resolution of the PIV measurements was 0.9 mm in
both the x and y directions, or between 7.8 and 11.3 in
terms of the Kolmogorov scale  at different downstream
measurement locations. The experimental uncertainty of the
PIV measurements22 was ±1.6% for the center stream and
±3.2% for the outer streams. The in-plane spatial resolution
of the PLIF measurements in the present study was limited
by the flow area imaged per pixel, which was approximately
56 m. Obviously the measurements cannot adequately re-
solve the smallest scales of the flow. However, because the
primary interest in this study is in the determination of first-
and second-order flow statistics such as the mean and fluc-
tuations of the velocity and scalar which are integral-scale
FIG. 1. Schematic of the confined rectangular-jet test section.
FIG. 2. Schematic of the combined PIV and PLIF measurement system.
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quantities, the loss of the fine-scale information should not
greatly affect the results.
At each downstream measurement location, 3250 sets of
simultaneous velocity and concentration images were ac-
quired and analyzed. Profiles of the normalized ensemble-
averaged streamwise velocity and Reynolds stresses at the
exit of the jet and six downstream locations in the flow are
presented in Fig. 3. The mean velocity is normalized by the
difference between inlet free-stream velocities of the center
stream and side streams, U=0.5 m/s, and the Reynolds
stresses are normalized by U2. In this paper, u and v
denote the streamwise and transverse velocity fluctuations,
respectively. The inlet jet width, d=20 mm, is used to nor-
malize the transverse coordinate. Mean velocity and Rey-
nolds stress profiles are presented for seven locations: x /d
=0, 1, 4.5, 7.5, 12, 15, and 30. Note that data at x /d=0
correspond to the inlet conditions. The transverse profiles of
the ensemble-averaged scalar and the scalar variance at six
downstream locations are summarized in Fig. 4. Here the
conserved scalar is the concentration normalized by the
source concentration 0. Turbulent fluxes are shown in
Fig. 5.
III. RESULTS AND DISCUSSION
In this section, we present experimental data for various
transverse positions at each observed downstream locations.
These transverse positions are given in terms of “,” which is
defined as the distance between the centerline of the confined
jet and the left peak in the transverse profile of the scalar
variance, such that the left peak in the scalar variance profile
appears at y=−.
A. Probability densities
As introduced in Sec. I, the probability density of the
conserved scalar is an important quantity in CMC and PDF
FIG. 3. Normalized mean streamwise velocity and Reynolds stresses at different streamwise locations. , x /d=0; , x /d=1.0; , x /d=4.5; , x /d=7.5; ,
x /d=12; z, x /d=15; , x /d=30.
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models. Figure 6 shows the experimentally measured PDFs
of the conserved scalar at different transverse positions for
two downstream locations. The scalar data are divided into
20 bins between 0 and 1. The lines in the plots are the cor-
responding beta-PDFs given by23
P =
	a + b
	a	b
a−11 − b−1, 4
where the parameters a and b are determined from the mean
and variance,
a =  1 − 
2
− 1	, b = a1 −  5
and 	 is the gamma function. It is seen that for all locations,
the beta-PDF predicts the experimental data remarkably
well. Note the relationship between the joint velocity-scalar
PDF and the marginal PDF of the scalar is
Puiui, = PuiuiP, 6
therefore given that P is described with a beta-PDF, the
joint velocity-scalar PDF Puiui , cannot be joint Gauss-
ian in the present study.
At x /d=1, P for y=0 or y=−3 /2 approximates a delta
function, indicating that the probability of a fluid parcel be-
ing transferred between streams without mixing is very low
at this location. For transverse positions near y=−, although
still skewed, the shapes of the PDF are more bell-shaped
than those of positions far from y=−. At x /d=30, the PDFs
for all transverse positions become nearly bell-shaped and
tend to collapse, showing that the beta-PDF evolves to a
FIG. 4. Normalized concentration mean and variance at different streamwise locations. , x /d=1.0; , x /d=4.5; , x /d=7.5; , x /d=12; z, x /d=15; ,
x /d=30.
FIG. 5. Turbulent fluxes at different streamwise locations. , x /d=1.0; , x /d=4.5; , x /d=7.5; , x /d=12; z, x /d=15; , x /d=30.
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Gaussian distribution when the rms of the conserved scalar is
relatively small, which is consistent with the results from
reported DNS studies.17,18
B. Conditional mean velocities
As is well known, when two variables, A and B, are
weakly correlated or uncorrelated, the conditional mean is
equal to the unconditional mean. However, when A B
= A, B A could still have a strong dependence on A. If the
PDF is joint Gaussian, the conditional means, A B and
B A, are linear in the conditioning variable. Thus, devia-
tions from linearity can be interpreted as deviations from
joint Gaussian behavior.
The scatter plots of normalized velocity fluctuations at
various locations are shown in Fig. 7. It is apparent that the
distribution of the scatter is not joint Gaussian at any of these
locations. At locations with y=0, u v is symmetric about
v=0, and v u is near zero, which is expected considering
the symmetry of the flow. The result at x /d=1.0 is an excep-
tion, which is probably because this location is in the poten-
tial core of the center stream where both the velocity fluc-
tuations and the local velocity rms are close to zero; the
profile of the velocity may look noisy after being normalized
by the local velocity rms. For locations at y=−, both u v
and v u are nonzero and unsymmetric about u=0 or v=0.
However, at the farthest observed location x /d=30, the
conditional mean velocities approach linearity.
Figures 8 and 9 are scatter plots of scalar and velocity
fluctuations normalized by the local velocity rms at y=0
and y=− for three downstream locations, respectively.
Again, the distribution of the scatter is not joint Gaussian at
any location except perhaps x /d=30. At y=0, the data con-
centrate in a narrow range of the scalar around the local
scalar mean, although this range becomes wider as the ob-
served location moves downstream, consistent with the fact
that the scalar PDF at the jet center evolves from a delta
function toward a skewed Gaussian distribution. As ex-
pected, the data are scattered about the mean scalar at
y=−, where the maximum of the scalar variance appears.
However, as the maximum of the variance at x /d=30 is
smaller than at upstream locations, the distribution of the
data becomes relatively more concentrated around the local
scalar mean.
The mean velocity fluctuations normalized by the local
velocity rms conditioned on the conserved scalar and the
mean scalar conditioned on velocity fluctuations are also dis-
played in Figs. 8 and 9. The scalar is divided into 20 bins
between 0 and 1, whereas the velocity fluctuations are di-
vided into 21 bins between ±3 rms of velocity fluctuation.
For positions within the potential core of the center stream
such as x /d=1.0 and y=0, both the streamwise and the
transverse conditional velocity fluctuations are zero. Also,
the mean transverse conditional velocity at y=0 is always
near zero due to the symmetry of the flow, although nonzero
values are observed in some scalar ranges because of the
small sample size. At other positions, the streamwise condi-
tional velocity fluctuation increases as the scalar increases;
whereas the transverse conditional velocity fluctuation de-
creases as the scalar increases. Moreover, note that the
streamwise velocity fluctuation is positive where the scalar is
greater than the local mean scalar, but negative where the
scalar is less than the local mean scalar, such that the u
flux is positive at all observed positions as shown in Fig. 5.
Similarly, the transverse velocity fluctuation is positive for
smaller scalar but negative for larger scalar, resulting in a
negative v flux at all observed positions.
FIG. 6. The comparison of the experimental probability densities symbols and beta-PDFs lines at various positions. y=0, , thin line; y=− /2, , dotted
line; y=−3 /4, , short-dash-dot line; y=−7 /8, , short-dash line; y=−, , long-dash line; y=−9 /8, , dash-dot-dot line; y=−5 /4, , long-dash-dot
line; y=−3 /2, , bold line.
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In observing Figs. 8 and 9, it is seen that for downstream
locations at y=0, the profile of the scalar conditioned on the
transverse velocity is a concave curve such that the condi-
tional scalar reaches its maximum when the velocity fluctua-
tion is zero but decreases as the magnitude of the velocity
fluctuation increases. This is expected because the scalar
mean at the jet center is always the highest at each down-
stream location in this study, and fluid parcels being trans-
ferred from side streams to the jet center thus with nonzero
transverse velocity fluctuation bring smaller . For other
locations, the conditional scalar holds a nearly linear rela-
tionship with the velocity fluctuations. Apparently,  u in-
FIG. 7. Scatter plots of velocity fluctuations for various downstream locations at y=0 and y=−. Line with triangle, u v; line with cross, v u. The lines
represent the weighted smoothing splines to the data points.
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creases as u increases, but  v decreases as v increases,
also consistent with the signs of turbulent fluxes shown in
Fig. 5. At x /d=30, the data distribute nearly symmetric
about the line representing the conditional mean scalar.
Figures 10 and 11 show the conditional mean velocity
fluctuations from the experimental data normalized in accor-
dance with Eq. 1. In presenting the data, only results from
bins that have at least 15 samples are shown in order to
reduce the scatter. Since the turbulent fluxes are used to nor-
malize the conditional velocities, to avoid dividing by a
small number, only positions where the local turbulent fluxes
have magnitude greater than 0.001 refer to Fig. 5 are dis-
FIG. 8. Scatter plots of velocity and scalar fluctuations for various downstream locations at y=0. Line with triangle, ui ; line with cross,  ui. The lines
represent the weighted smoothing splines to the data points.
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played in Figs. 10 and 11. Notice that the linear model gives
reasonable approximations to the experimental data at most
of the measurement locations. At each observed position, the
agreement is good within a range of ±−  /rms. How-
ever, for some  far from the , the model poorly predicts
the velocity, which is also reported in Li and Bilger11 and de
Bruyn Kops and Mortensen19 although only the transverse
conditional mean velocity was tested in these studies. Also
note that the range of ±−  /rms in which a linear rela-
tionship holds continuously increases and becomes largest at
FIG. 9. Scatter plots of velocity and scalar fluctuations for various downstream locations at y=−. Line with triangle, ui ; line with cross,  ui. The lines
represent the weighted smoothing splines to the data points.
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x /d=30, implying a nearly Gaussian joint PDF at this loca-
tion. Moreover, the data for some positions are not distrib-
uted symmetrically about the local mean scalar, as the profile
of the scalar PDF is skewed at these positions. Observing
Figs. 10 and 11, it is noticed that the conditional transverse
velocity in comparison with the conditional streamwise ve-
locity shows more deviation from the linear approximation.
This may be due to the fact that the linear relationship holds
in a wider range of mixture fraction when the mean mixture-
fraction profile is close to a straight line.11 In our study, the
FIG. 10. The conditional mean streamwise velocity from the experimental data at various positions normalized according to Eq. 1. Symbols are the same
as in Fig. 6.
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mean mixture-fraction gradient in the streamwise direction is
so small that the mean mixture fraction can be considered
linearly correlated to x in a relatively wide range of x,
whereas the cross-stream profile of the mean mixture fraction
is strongly nonlinear. Therefore, the data of conditional
streamwise velocity collapse better to the linear approxima-
tion than do the data of transverse velocity.
The conditional mean streamwise velocity as predicted
FIG. 11. The conditional mean transverse velocity from the experimental data at various positions normalized according to Eq. 1. Symbols are the same as
in Fig. 6.
055104-10 Feng et al. Phys. Fluids 19, 055104 2007
 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:
129.186.176.40 On: Fri, 02 May 2014 21:38:53
by the gradient PDF model is compared with the experimen-
tal data in Fig. 12. Since the beta-PDF accurately describes
the scalar PDF in the present study, the results from Eq. 4
are used to compute the velocity with the gradient PDF
model. The gradient of the PDF is evaluated with the slope
given by the linear fit of the PDFs at 21 adjacent points the
step width is 56 m as mentioned in Sec. II. The turbulent
diffusivity is evaluated using12
DT =
− v
/y
. 7
As seen in Fig. 12, the results of the linear model agree
well with the experimental data; however, it is apparent that
the gradient PDF model leads to a very poor prediction of the
streamwise conditional mean velocity fluctuation. The pre-
dicted velocity fluctuation is almost always zero for all trans-
verse positions. The large discrepancy between the experi-
mental data and the predicted streamwise velocity from the
gradient model can be explained by noting that the stream-
wise mean scalar gradient in this flow is very small, resulting
in a near-zero streamwise gradient of the PDF. In observing
Eq. 2, a near-zero conditional velocity fluctuation is ex-
pected when given a small PDF gradient. Also, when the
small PDF gradient is divided by small PDF values, the pre-
dicted velocity becomes nonzero.
On the other hand, the scalar turbulent diffusivity used in
Eq. 2 may also cause errors. Tavoularis and Corrsin12
claimed that a simple scalar diffusivity coefficient is inad-
equate to represent the behavior of the turbulent flux. In this
study, two components of the turbulent diffusivity tensor
have been evaluated using the gradient-transport hypothesis
proposed by Batchelor,24
D12 =
− u
/y
, 8
D22 =
− v
/y
, 9
where D22 is the so-called turbulent diffusivity,12 i.e., DT. The
ratio of D12/D22 has been found to be a constant around −2
in the high shear regions of the flow, consistent with Tavou-
laris and Corrsin.12
Replacing the scalar DT in Eq. 2 by a tensor D, as
U = U −
D
P
· P, 10
then the conditional velocities are given by
u = −
D11
P
P
x
−
D12
P
P
y
, 11
v = −
D21
P
P
x
−
D22
P
P
y
. 12
Note that the streamwise gradient of PDF in this study is
near zero, and the above two equations may be simplified
such that
u = −
D12
P
P
y
, 13
v = −
D22
P
P
y
. 14
Using the results of D12 and D22 from Eqs. 8 and 9,
the conditional mean velocity fluctuations as predicted by
Eqs. 13 and 14 are compared with the experimental data
in Figs. 13 and 14, respectively refer to Feng25 for results at
more locations. As seen in Fig. 13, the results of the pre-
dicted streamwise velocity have been improved remarkably
and agree well with the experimental data. As Fig. 14 shows,
the gradient PDF model predicts the transverse conditional
FIG. 12. The comparison of conditional mean streamwise velocity from the experimental data symbols and from the gradient PDF model lines. Symbols
and lines are the same as in Fig. 6. The thin dashed lines are the linear model.
055104-11 Conditional statistics for passive-scalar mixing Phys. Fluids 19, 055104 2007
 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:
129.186.176.40 On: Fri, 02 May 2014 21:38:53
mean velocity very well except at low probability densities.
The discrepancy for low probability densities has been pre-
viously reported in DNS studies and considered not impor-
tant, since the events occurring at low probability densities
have little effect on overall mixing.19,26
To test the model proposed by Li and Bilger,11 we re-
write Eq. 3 as in de Bruyn Kops and Mortensen,19 such that
v − v = 
vrms
−
y

= −
y

, 15
where the right-hand side is a function of  only. Figure 15
shows the conditional mean transverse velocity from the ex-
perimental data normalized in accordance with Eq. 15. It is
seen that the Li and Bilger model approximates the experi-
mental data quite well, as almost all data collapse to an in-
verse error function. However, unlike in Li and Bilger,11 
depends on the downstream location in this flow and de-
creases from 3.0 to 0.85 as x increases. Considering the ef-
fects of the mean shear and the confinement of our jet flow,
this is not surprising in that the Li and Bilger model was
meant to be applied to scalar mixing layers. Also notice that
the data near =0 or 1 do not collapse well at some down-
stream locations, which might be mainly due to the small-
sample error unlike in a free mixing layer, the probability of
observing an event of 
0 or 1 is very low at downstream
locations in our confined jet flow. Indeed, no such events
are observed at x /d=30.
C. Scalar mean conditioned on velocities
The scalar mean conditioned on velocity,  Ui, is of-
ten of interest when developing models based on the inter-
action by exchange with the conditional mean IECM mi-
cromixing approach. It has been found that the  Ui is
FIG. 13. The comparison of conditional mean streamwise velocity from the experimental data symbols and from the improved gradient PDF model lines.
Symbols and lines are the same as in Fig. 6.
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linearly related with Ui in turbulent flows that exhibit a
nearly Gaussian composition PDF.27 A few models26–28 have
been proposed for modeling the conditional mean scalar.
However, since terms in some of these models cannot be
directly evaluated with the current set of experimental data,
here we only test the linear model proposed by Pope28 for
homogeneous isotropic turbulence with an imposed uniform
mean scalar gradient. Note that the model of Pope28 is only
for predicting the mean scalar conditioned on the velocity
component in the direction of the mean scalar gradient. Here
FIG. 14. The comparison of conditional mean transverse velocity from the experimental data symbols and from the gradient PDF model lines. Symbols
and lines are the same as in Fig. 6.
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we use this model for the mean scalar conditioned on both
the streamwise and transverse velocity components, such
that
Ui =  +
ui
ui
2
Ui − Ui , 16
where Ui is the component of the velocity U.
Figures 16 and 17 show the fluctuating scalar condi-
tioned on velocities from the experimental data normalized
in accordance with Eq. 16. Again, only data at positions
where the local turbulent fluxes are greater than 0.001 refer
to Fig. 5 are presented in these plots. At lower downstream
locations, a sizable difference is observed between the nor-
malized experimental data and the linear relationship. This is
not surprising, as the strong non-Gaussian scalar PDF may
invalidate the linear form of  Ui according to the argu-
ment in Fox.27 As the PDF evolves toward Gaussian at far-
ther downstream locations, the linear model results in better
approximations of the experimental results within a range of
velocity fluctuations. Apparently, the range in which the lin-
ear relationship holds becomes wider as the measurement
location moves downstream.
IV. CONCLUSIONS
The conditional statistics of the velocity and scalar fields
have been calculated from experimental data taken in a con-
fined liquid-phase rectangular jet using a combined PIV and
PLIF system. It was noticed that the PDF of the conserved
scalar was accurately described by the beta-PDF at each of
the observed positions, and consequently, the joint velocity-
scalar PDF was not jointly Gaussian. The conditional mean
velocity was found to agree with a linear model when the
FIG. 15. The conditional mean transverse velocity from the experimental data at various positions normalized according to Eq. 15 with  depending on
downstream location. Solid lines represent the results of the RHS of Eq. 15. Symbols are the same as in Fig. 6.
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scalar is close to the local mean value. As the PDF of the
scalar becomes more Gaussian at the farther downstream lo-
cations, this linearity holds for a larger range of 
−  /rms. It was found that the gradient PDF model gave
poor predictions for the streamwise conditional velocity, as
the streamwise gradient of PDF was very small in this flow.
By replacing the scalar turbulent diffusivity by a tensor, the
gradient PDF model was improved so that both the predicted
streamwise and transverse conditional velocities agreed well
with the experimental data. The Li and Bilger model for the
FIG. 16. The fluctuating scalar conditioned on the streamwise velocity at various positions normalized according to Eq. 16. Symbols are the same as in
Fig. 6.
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conditional transverse velocity was also tested against the
experimental data. The agreement was good, however the
model constant was found to depend on the downstream lo-
cation. Finally, the scalar fluctuations conditioned on
velocity were presented and analyzed against a linear model,
showing that the linear model only obtained good approxi-
mations of the experimental data when the joint velocity-
scalar PDF approached a joint Gaussian.
FIG. 17. The fluctuating scalar conditioned on the transverse velocity at various positions normalized according to Eq. 16. Symbols are the same as in
Fig. 6.
055104-16 Feng et al. Phys. Fluids 19, 055104 2007
 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:
129.186.176.40 On: Fri, 02 May 2014 21:38:53
ACKNOWLEDGMENTS
This work has been supported by the National Science
Foundation through Grants No. CTS-9985678 and No. CTS-
0336435 and by the Dow Chemical Company.
1A. Y. Klimenko, “Multicomponent diffusion of various admixtures in tur-
bulent flows,” Fluid Dyn. 25, 327 1990.
2R. W. Bilger, “Conditional moment closure for turbulent reacting flow,”
Phys. Fluids A 5, 436 1993.
3M. Mortensen, “Consistent modeling of scalar mixing for presumed, mul-
tiple parameter probability density functions,” Phys. Fluids 17, 018106
2005.
4Y. G. Sinai and V. Yakhot, “Limiting probability distribution of a passive
scalar in a random velocity field,” Phys. Rev. Lett. 63, 1962 1989.
5E. E. O’Brien and T. L. Jiang, “The conditional dissipation rate of an
initially binary scalar in homogeneous turbulence,” Phys. Fluids A 3,
3121 1991.
6M. R. Overholt and S. B. Pope, “Direct numerical simulation of a passive
scalar with imposed mean gradient in isotropic turbulence,” Phys. Fluids
8, 3128 1996.
7Jayesh and Z. Warhaft, “Probability distribution, conditional dissipation,
and transport of passive temperature fluctuations in grid-generated turbu-
lence,” Phys. Fluids A 4, 2292 1992.
8P. Kailasnath, K. R. Sreenivasan, and J. R. Saylor, “Conditional scalar
dissipation rates in turbulent wakes, jets, and boundary layers,” Phys. Flu-
ids A 5, 3207 1993.
9F. Anselmet, H. Djeridi, and L. Fulachier, “Joint statistics of a passive
scalar and its dissipation in a turbulent flow,” J. Fluid Mech. 280, 173
1994.
10K. Sardi, A. M. K. P. Taylor, and J. H. Whitelaw, “Conditional scalar
dissipation statistics in a turbulent counterflow,” J. Fluid Mech. 361, 1
1998.
11J. D. Li and R. W. Bilger, “A simple theory of conditional mean velocity
in turbulent scalar-mixing layer,” Phys. Fluids 6, 605 1994.
12S. Tavoularis and S. Corrsin, “Experiments in nearly homogeneous turbu-
lent shear flow with a uniform mean temperature gradient. Part 1,” J. Fluid
Mech. 104, 311 1981.
13K. R. Sreenivasan and R. A. Antonia, “Joint probability densities and
quadrant contribution in a heated turbulent round jet,” AIAA J. 16, 867
1978.
14R. W. Bilger, L. R. Saetran, and L. V. Krishnamoorthy, “Reaction in a
scalar mixing layer,” J. Fluid Mech. 233, 211 1991.
15S. B. Pope, “PDF methods for turbulent reactive flows,” Prog. Energy
Combust. Sci. 11, 119 1985.
16S. S. Girimaji, “Assumed 
-pdf model for turbulent mixing: Validation
and extension to multiple scalar mixing,” Combust. Sci. Technol. 78, 177
1991.
17I. S. Kim, “Conditional moment closure for non-premixed turbulent com-
bustion,” Ph.D. dissertation, University of Cambridge 2004.
18V. Eswaran and S. B. Pope, “Direct numerical simulations of the turbulent
mixing of a passive scalar,” Phys. Fluids 31, 506 1988.
19S. M. de Bruyn Kops and M. Mortensen, “Conditional mixing statistics in
a self-similar scalar mixing layer,” Phys. Fluids 17, 095107 2005.
20H. Feng, M. G. Olsen, Y. Liu, R. O. Fox, and J. C. Hill, “Investigation of
turbulent mixing in a confined planar-jet reactor,” AIChE J. 51, 2649
2005.
21J. P. Crimaldi and J. R. Koseff, “High-resolution measurements of the
spatial and temporal scalar structure of a turbulent plume,” Exp. Fluids
31, 90 2001.
22A. J. Prasad, R. J. Adrian, C. C. Landreth, and P. W. Offutt, “Effect of
resolution on the speed and accuracy of particle image velocimetry inter-
rogation,” Exp. Fluids 13, 105 1992.
23R. W. Bilger, in Topics in Applied Physics Number 44: Turbulent Reacting
Flows, edited by P. A. Libby and F. A. Williams Springer, New York,
1980.
24G. K. Batchelor, “Diffusion in a field of homogeneous turbulence,” Aust.
J. Sci. Res., Ser. A 2, 437 1949.
25H. Feng, “Experimental study of turbulent mixing in a rectangular reac-
tor,” Ph.D. dissertation, Iowa State University 2006.
26B. L. Sawford, “Conditional scalar mixing statistics in homogeneous iso-
tropic turbulence,” New J. Phys. 6, 1 2004.
27R. O. Fox, “On velocity-conditioned scalar mixing in homogeneous tur-
bulence,” Phys. Fluids 8, 2678 1996.
28S. B. Pope, “The vanishing effect of molecular diffusivity on turbulent
dispersion: Implications for turbulent mixing and the scalar flux,” J. Fluid
Mech. 359, 299 1998.
055104-17 Conditional statistics for passive-scalar mixing Phys. Fluids 19, 055104 2007
 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:
129.186.176.40 On: Fri, 02 May 2014 21:38:53
